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ABSTRACT
Adaptation of VT-DBR Lasers for LIDAR
Luke Daniel Horowitz
Vernier Tuned Distributed Bragg Reflector (VT-DBR) lasers have had great success in the field of
Swept-Source Optical Coherence Tomography (SS-OCT) due to their continuous and nearly 40 nm
wavelength tuning range in a single longitudinal mode. Fast sweeps allow for real time imaging with
micrometer resolution at a distance of a few centimeters. While this laser has proven quite useful as a
medical imaging tool via OCT, it has yet to similarly prove itself for general light detection and ranging
(LIDAR) applications due to range limitations that arise from a finite laser coherence length. The goal of
this thesis is to explore LIDAR applications for VT-DBR lasers and how to improve VT-DBR performance
for LIDAR. In the scope of this work, LIDAR is laser imaging at tens or hundreds of meters with a
resolution finer than 10cm. In order to achieve this kind of LIDAR performance with a VT-DBR laser, the
laser must have a linewidth less than 1MHz over a tuning range of around 10GHz. This thesis outlines two
methods towards this goal. The bulk of this work is dedicated to looking for and characterizing VT-DBR
tuning paths with fundamentally narrow linewidth using microampere currents in both forward and reverse
bias conditions. The second part of this thesis is a preliminary design of an optical frequency-locked loop to
reduce laser phase noise, which subsequently reduces the laser linewidth.
By tuning with small currents in the forward bias condition, nearly the entire range of laser
wavelengths could be tuned to, but areas of narrow linewidth were both sparse and very sensitive to any
change in bias. The reverse bias case showed limited but continuous tuning with increased reverse current
magnitude. In this reverse biased photo-detector mode the laser exhibited narrower linewidth less than
15MHz, with the linewidth at intrinsically narrow levels when all three sections reverse biased. Also
promising was a subset of reverse bias conditions that only used a variable resistance across a laser section
with no externally applied bias. This resistance tuning method gave a tuning range of more than 7GHz
while maintaining an intrinsically narrow linewidth.
The optical frequency-locked loop was able to achieve DC frequency locking but unable to reduce
laser linewidth. More work needs to be done to achieve enough phase noise reduction to see an appreciable
reduction in linewidth.
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Chapter 1: Introduction
Vernier Tuned Distributed Bragg Reflector (VT-DBR) lasers have led to great advances in the
field of Swept-Source Optical Coherence Tomography (SS-OCT) for a number of reasons. The infrared
laser’s monolithic semiconductor construction leads to an akinetic structure that allows for high speed
tuning, while the VT-DBR topology tuned via the Vernier Effect allows for a nearly 40 nanometer
wavelength tuning range in a single longitudinal mode. These fast sweeps allow for real time 3D imaging
of structures with micrometer resolution at a distance of a few centimeters. This range and resolution has
proven to be ideal for a number of in-vivo medical imaging applications [4, 9, 16, 26, 31, 32, 33, 34].
While this is laser has proven quite useful as a medical imaging tool via OCT, it has yet to
similarly prove itself for general light detection and ranging (LIDAR) applications due to range limitations
that arise from a finite laser coherence length via a non-zero laser linewidth. [31] Centimeter scale range
has not been an issue for most OCT applications, so laser linewidth has usually been neglected in favor of
an increased side-mode suppression ratio (SMSR), which is more important for OCT imaging. In frequency
modulated continuous wave (FMCW) LIDAR, of which SS-OCT is a subset, increased linewidth leads to a
degradation of signal-to-noise ratio (SNR) on the LIDAR return signal. This reduction of SNR leads to a
limitation on the maximum usable range for a given receiver system with its own characteristic noise floor.
VT-DBR lasers typically exhibit intrinsic linewidth around 2 MHz, but the linewidth can be as wide as
100s of MHz depending on the combination of front reflector, back reflector, and phase section currents.
In order to open the application space for VT-DBR lasers in LIDAR, the working range must be
increased. An improvement of range follows directly from a reduction in laser linewidth. One methodology
would be to only tune the laser around points of narrow linewidth, which sacrifices range resolution due to
sweeping over a smaller bandwidth, but maintains a relatively simple LIDAR system. The other
methodology is to add electro-optical feedback circuitry to reduce linewidth, which leads to improved
range and range resolution over topologies with no feedback, at the expense of increased complexity in the
LIDAR system.
Table 1.1 summarizes the difference in requirements for OCT imaging and LIDAR. It shows stark
differences in performance that indicate a new mode of VT-DBR operation is needed to create a successful
LIDAR system.
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Table 1.1: OCT and LIDAR comparison
This work aims to explore both of the possible methods for narrow linewidth. First, a comparison
of three possible narrow linewidth tuning schemes is performed. The first tuning scheme is with
microampere scale currents being injected into the passive sections to avoid linewidth broadening due to
increased shot noise. The second is to operate each passive laser section as a photo-detector, with a reverse
bias drawing current out of the section. The third tuning scheme is to remove the external bias on the
passive sections and only have a variable resistance connecting each section to laser ground. This uses the
diode voltage across each section as a bias source to draw current from the laser. Finally, a preliminary
design of an Optical Frequency-Locked Loop to reduce laser phase noise is introduced. An electro-optical
feedback mechanism is added via negative feedback from an asymmetric Mach-Zehnder (MZ) frequency
discriminator passed through a loop-filter and fed back into the VT-DBR phase section.
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Chapter 2: FMCW LIDAR and SS-OCT Background
2.1 FMCW LIDAR
Light Detection and Ranging, or LIDAR, is a high-resolution imaging technique that uses laser
light to determine the range, velocity, and shape of a remote object. LIDAR has been used in a range of
scientific, commercial, and military applications. Scientific LIDAR applications usually fall into the realms
of topography, geology, or meteorology, where the LIDAR system is used to map terrain and geological
structures or measure atmospheric processes like vortex flow or cloud formation [28, 29]. Commercial
applications of LIDAR most often come in the form of vibrometry or computer vision for autonomous
vehicles or industrial robotics [5, 6, 13]. Some military applications of LIDAR, often referred to as
LADAR, are imaging for unmanned air vehicles (UAVs) or target recognition for weapon systems [7].
Regardless of the application, the characteristics of the LIDAR target like range, speed, and shape are
determined through measurement of a phase delay, frequency change, or time delay between transmitted
and received waveforms.
In frequency modulated continuous wave (FMCW) LIDAR systems, the target range determines
the frequency difference between a transmitted and received chirp waveform. The transmitted chirp
waveform is usually a triangle or saw-tooth ramp of frequency over time. Figure 2.1 shows a general
FMCW LIDAR system block diagram.

Figure 2.1: General FMCW LIDAR block diagram.
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The FMCW optical signal is split equally into two paths. The incident waveform is reflected off of a target
and combined with the original transmitted FMCW signal using an optical combiner. The combined signal
is then detected using a photo-detector, whose output is then analyzed in the time and frequency domains.
Due to bandwidth limits of the photo-detector, only the down-mixed or difference frequency of the two
optical signals will be present at the output. This system is simply a swept-source interferometer with an
unknown path length difference in one interferometer arm. The purpose of the system is to determine this
path length difference.
The transmitted and received waveforms are shown in Figure 2.2. The changes in the received
signal are caused by reflection of the original transmitted signal off of a distant object, and will contain a
vertical Doppler shift due to the object’s speed and a horizontal shift due to the round-trip time delay
caused by distance to the object.

Figure 2.2: Transmitted and received FMCW waveforms depicting vertical Doppler shift from target
speed and horizontal shift due to time delay from target distance.
Useful information about the target can be determined using a few simple physical relationships.
First, the range to the target can be determined via the equation

𝑣! =

!!
!

,

(Eq. 2.1)

where vp is the velocity of propagation, t is the round trip delay, and R is the range to the target. The
velocity of propagation is a known constant of the system, and is equal to the speed of light divided by the
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index of refraction of the medium through which the signal was transmitted. If we assume that the object is
stationary, there is no Doppler shift and the time delay is simply the measured frequency difference divided
by the slope of the FMCW waveform. This relationship is shown via the equation
!!"#$%&"'

𝑡=

,

!
!

(Eq. 2.2)

in which f measured is the measured frequency difference between the transmitted and received waveform, B
is the FMCW chirp bandwidth, T is the FMCW chirp period, and B/T is the slope of the FMCW waveform.
By combining Eq. 2.1 and 2.2, the range R can be solved for as
!! !!"#$%&"'

𝑅=

!
!

!

.

(Eq. 2.3)

If the target is not stationary, but is traveling with some velocity, the received waveform will
experience a vertical shift via the Doppler effect. The magnitude and sign of the Doppler shift is
determined by the speed and direction of travel. Higher speeds will lead to a shift of a larger magnitude,
and the frequency of the reflected waveform will either increase if the target is moving towards the
transmitter or decrease if the object is moving away from the transmitter. The Doppler shift is given by the
equation

𝑓!"##$%& =

! !! ! !!
!!

𝑓! =

!∆!
!!

𝑓! 𝑐𝑜𝑠𝜃 ,

or equivalently rearranging for the relative velocity along the line of sight,

∆𝑣 =

!!"##$%&

!!

!!

!!!"#

.

(Eq. 2.4)

In Eq. 2.4, fdoppler is the frequency shift due to the Doppler effect, vr is the relative velocity of the receiver
in the medium, vs is the relative velocity of the source or target in the medium, Δv is the relative velocity
between the target and the system, θ is the angle measured between the target velocity vector and the
LIDAR line of sight., and fo is the frequency of the optical output which is a function of time due to the
FMCW waveform. The value Δv is the radial velocity, or the relative velocity along a straight line
connecting the transmitter and target. [10] Measuring the Doppler shift directly is more complicated than
measuring the difference frequency, fmeasured , but since the difference frequency has information about both
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the target range and velocity, it is difficult to determine either the range or speed of the target with the
measured frequency difference alone.
The configuration of the FMCW chirp plays an important role in the LIDAR system performance.
First, the period of the FMCW ramp, T, limits the maximum detection range. Equation 2.1 shows that the
time delay, t, is dependent on the range to the target. For an unambiguous range measurement, the time
delay t must be less than half the FMCW chirp period T. The time delay must be less than half the FMCW
chirp period because of the multiple difference frequencies that are detected using the FMCW topology.
This ambiguity is shown in Figures 2.3 and 2.4 for the case of a stationary target, and the maximum
detection range as a function of FMCW chirp period is given in Equation 2.5. Equation 2.5 was found by
combining Equations 2.2 and 2.3 with t = T/2.

𝑅!"# =

!! !
!

(Eq. 2.5)

Figure 2.3: Demonstration of range ambiguity. At t = T/2, these two frequency differences are equal,
and t > T/2 gives ambiguous range measurements.
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Figure 2.4: Demonstration of range ambiguity for a time delay t longer than the FMCW chirp period
T.
An obvious conclusion can be drawn from Equation 2.5: the maximum detection range can be
extended by an increased FMCW chirp period. Less obvious, however, is the tradeoff between maximum
detection range and the sensitivity of the difference frequency with respect to object distance. For a large
detection range given by a longer chirp period, the change in measured difference frequency will be very
small. This can be seen by rearranging Equation 2.3 to solve for the measured frequency:

𝑓!"#$%&"' =

!! !
!!

!

.

(Eq. 2.6)

Equation 2.6 shows that the measured frequency difference is inversely proportional to the FMCW chirp
period. This implies that using a laser with a wide linewidth in a system with a large T may lead to changes
in frequency difference that cannot be resolved. The converse is also true: systems with a short chirp period
T will be very sensitive to small changes in object distance. Thus linewidth is not an important
consideration for systems with small detection range, due to the large changes in measured difference
frequency that arise from a change in object distance.
Another important system parameter is the chirp bandwidth B, or the range of frequencies over
which the FMCW chirp waveform is swept. The bandwidth of the chirp determines the precision of the
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range measurement, or equivalently the range resolution. The range resolution of the system is given in
Equation 2.7:
!

𝛿𝑅 = !!! .

(Eq. 2.7)

Equation 2.7 shows that the range resolution is inversely proportional to the chirp bandwidth, which means
that the range resolution is smaller for larger chirp bandwidths. Smaller range resolution implies a more
precise measurement of the target’s range; so large chirp bandwidths are a desirable characteristic of
FMCW LIDAR systems. Practically speaking, the chirp bandwidth is limited because the maximum
difference frequency must be less than the maximum input frequency of the detector. Thus, both the
maximum range and minimum range resolution are constrained by properties of the FMCW source and
detection method.
2.2 SS-OCT as FMCW LIDAR
LIDAR is also used in medical applications to image below the surface of biological tissues.
Because microwaves and millimeter waves do not penetrate biological tissues, optical frequencies must be
used for this imaging scheme. This short range LIDAR technique is commonly known as Optical
Coherence Tomography (OCT), and allows biological samples to be imaged at varying depths. Imaging is
performed via interferometry to obtain distance information from time-delayed signals. Due to the noninvasive properties of this technique, it is often used for in-vivo imaging of sensitive or hard-to-reach areas
in biological systems. Examples of this include imaging the outer structure of the eye or imaging a few
millimeters below the surface of biological tissues like skin or arterial walls [16, 33]. This technique could,
in principle, image any semi-transparent organic material to a depth of a few millimeters. Figure 2.5 shows
an example of OCT cross-sections of a human retina (left) and the skin on the palmar aspect of the thumb
(right). Images like the ones in Figure 2.5 allow medical experts to analyze small biological structures and
look for potential issues.
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Figure 2.5: OCT cross-section of a human retina (left) and the skin on the palmar aspect of
the thumb (right). [33]
OCT allows for imaging in one, two, or three dimensions. For a stationary OCT system, a onedimensional scan is performed on a single point. This is called an axial scan (A-Scan), and reveals a depth
profile at the point of the scan. By using a scanning mechanism to move the imaging system in a transverse
direction, a cross-sectional image of the structure is revealed, called a B-Scan. In the same manner, many
B-scans can be performed as the system moves perpendicular to the B-scan direction, which gives a threedimensional mapping of the structure of interest. This three-dimensional mapping is called a C-Scan. [33]
Figure 2.6 shows some examples of B-Scans and their corresponding cross-sections performed on canine
cornea.
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Figure 2.6: Macroscopic images showing B-Scan path (left) and corresponding cross-section (right) of
the epithelial tissue in canine cornea. [16]
Depending on the type of source used for OCT, the system topology can change slightly. For
Swept-Source OCT (SS-OCT), the topology is identical to the FMCW LIDAR topology shown in Figure
2.1. SS-OCT A-Scans employ a fixed reference path length and a swept source wavelength, and measure
the spectral response of the interferometer encoded as an interferogram in optical frequency space. An
interferogram is a sum of oscillations with different periods corresponding to reflections at different depths.
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By taking the Fourier transform of this interferogram, the reflectivity profile as a function of the depth of
the sample is revealed. [33] Because SS-OCT uses fixed path lengths and an akinetic swept source such as
a SG-DBR laser it is possible to perform A-Scans and B-Scans at high repetition rates. This leads to the
possibility of real-time imaging of three-dimensional structures. A current SS-OCT system manufactured
by Thorlabs offers A-Scan rates as high as 100kHz, which allows for B-Scan rates higher than 1kHz and CScan rates higher than 1Hz. The aforementioned system offers penetration depths of 12 mm with a
resolution of 16 µm. [36]
There are some notable differences between FMCW LIDAR and SS-OCT techniques. In SS-OCT,
the distance to the sample is known, fixed, and very close to the source. Additionally, since high-resolution
imaging is crucial to OCT, the source must sweep over a much larger optical bandwidth compared to
LIDAR applications. On the contrary, target distance in LIDAR applications are unknown, potentially
changing, and usually relatively far from the source. Since the distance to the target is so much larger,
resolution can be much less precise. This allows for a smaller FMCW bandwidth requirement to achieve
this resolution. The ratio of range resolution to range should be on order of 10-3 to 10-4 in a practical
imaging system, so the range resolution can be increased for long-range imaging systems without
degrading system performance. For example, most applications imaging an object at a range of 1km do not
require a range resolution at the micrometer or centimeter scale: a range resolution of 1 meter would
probably suffice.
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Chapter 3: VT-DBR Laser Background
3.1 VT-DBR functionality
Vernier Tuned Distributed Bragg Reflector (VT-DBR) lasers were originally developed to
improve optical communications through dense wavelength division multiplexing (DWDM). SG-DBR
lasers are good candidates for WDM because they can operate at over ninety 50 GHz spaced optical
channels with over 40 dB side-mode suppression and output power over 10 mW. [20] The laser was used
for OCT and LIDAR applications only after it was found to be able to produce continuous linear
wavelength sweeps over its wide tuning range. Producing these linear sweeps in VT-DBR lasers has proven
challenging and a great deal of research has been done to improve their linearity while maintaining high
repetition rates. [4, 9, 31, 32, 34]
The VT-DBR laser is a monolithic semiconductor device, typically with five distinct sections on
the laser chip. Each of these sections is a separate PIN diode. Figure 3.1 shows a top-down and side view of
the VT-DBR laser chip with the different sections labeled, while Figure 3.2 shows both a macroscopic and
microscopic view of the laser chip.

Figure 3.1: Top-Down (above) and side (below) view of the VT-DBR laser chip showing the various
sections of the laser. [9]
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Figure 3.2: Macroscopic (left) and microscopic (right) view of a VT-DBR laser chip to show size.
Rightmost image shows wire bonding for current injection into each section. [18]
The five sections of the laser can be categorized into two distinct groups based on function. The gain and
semiconductor optical amplifier (SOA) sections are called active sections because they provide the
mechanism for stimulated emission required for lasing. The laser itself only requires the gain section, but
the SOA section is integrated for increased output power. The active sections provide optical gain via low
band-gap material that is controlled by current injection into each section, similar to a basic semiconductor
laser. Figure 3.3 shows how stimulated emission occurs as increased currents are injected. Past a threshold
current, Ith, stimulated emission processes take over and lasing occurs.

Figure 3.3: Carrier density as a function of injected current (left) and photon density as a function of
injected current (right) for a semiconductor laser. [14]
The remaining three sections are the back mirror, front mirror, and phase sections; these are called passive
sections because they do not provide any gain. These sections are made with high band-gap materials in
order to reduce losses at the lasing wavelength. The purpose of the passive sections is to provide a
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wavelength tuning mechanism via current injection. The front and back “mirrors” are actually PIN diodes
with etched sampled Bragg gratings with slightly different spacing, which provide a coarse wavelength
tuning mechanism. Sampled Bragg gratings provide a comb-like spectrum of reflectivity vs. wavelength
that is dependent on the lasing wavelength λ, the effective index of refraction n, and the spacing between
etches in the grating L. The inter-peak spacing is described by Bragg’s law and shown in Equation 3.1. [9]

∆𝜆 =

!!
!!"

.

(Eq. 3.1)

For an average index of refraction of 3.3 and 5 nm spacing between reflectivity peaks, the spacing L
between etches in the grating is found to be 72 µm. The reflectivity spectrum is shown in Figure 3.4 for two
different but closely spaced sampled gratings.

Figure 3.4: Reflectivity spectrum of two sampled Bragg reflectors with spacing L1 > L2 and
corresponding Δλ1 < Δλ2. [4]
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Lasing will only occur at wavelengths where reflectivity peaks of both reflectors line up. Because the
spacing of reflectivity peaks is only slightly different between the two mirror sections, only one set of
peaks will ever be aligned. The wavelength at which the reflectivity peaks line up is the lasing wavelength.
This tuning mechanism is known as the Vernier Effect, which is the namesake of the VT-DBR laser. This
effect is shown in Figure 3.5. Since the spacing L is a fixed value for each reflector, the effective index n is
used to tune each section. The effective index of refraction of a PIN diode is a function of carrier density,
so it is possible to change n with current injection. It is thus possible to tune the laser wavelength by current
injection into one or both reflector sections.

Figure 3.5: Vernier Effect for two Bragg reflectors with close spacing (Top). Both of the plots on the
bottom lead to stable operation, but a slight misalignment of the reflectivity peaks (bottom right) will
lead to decreased output power with more narrow linewidth. [17]
The phase section is similarly tuned with current injection, changing the effective index of refraction. The
difference, however, is that the phase section effectively changes the cavity length of the laser. This
mechanism is used to fine tune the laser wavelength around an operating point set by the current levels into
the reflector sections. By injecting specific current waveforms into each passive section, it is possible to
create a continuous wavelength sweep over the entire tuning range of the laser. Figure 3.6 shows these
possible tuning paths to achieve full continuous tuning.
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Figure 3.6: Example tuning map for a VT-DBR laser. The number enclosed in each region,
colloquially called a “lily-pad”, is the wavelength in nanometers. It is possible to consecutively tune to
each wavelength in the tuning range by following these tuning paths, given by color. [9]

3.2 Single Mirror Tuning
Current injection into only one of the mirror sections leads to the widest tuning range, but this
range is not continuous. The wavelength will change depending on which reflectivity peaks are lined up:
with one set of peaks shifting and the other stationary the wavelength will change slightly as peaks become
misaligned, until another set of peaks is better aligned. When this happens, a “mode hop” occurs and the
lasing wavelength will shift by Δλ, approximately 5 nm in the example given. Figure 3.7 shows an example
of single mirror tuning by increasing the injected current on the front mirror only. Note that a similar
wavelength shift would occur for an equal decrease of injected current into the back mirror.
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Figure 3.7: Single mirror tuning via an increased front mirror current and a constant back mirror
current. This tuning method leads to large and discontinuous jumps in wavelength, called “mode
hops” given by the inter-peak spacing in the reflectivity spectrum of the mirror being tuned. [4]
3.2 Simultaneous Tuning of Front and Back Mirrors
If instead both mirror sections are biased simultaneously, it is possible to achieve a much finer
adjustment of the lasing wavelength. Instead of the 5 nm mode hops caused by the alignment of a new pair
of reflectivity peaks, much finer mode hop of 300 pm is seen to occur. This 300 pm mode hop is due to the
cavity mode spacing of the VT-DBR laser. Simultaneous tuning of the mirror sections is shown in Figure
3.8. Note that while these mode hops are much smaller, they still occur in discrete steps. Therefore this
method is not sufficient for continuous tuning.
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Figure 3.8: Simultaneous mirror tuning via a simultaneous increase of front and back mirror
current. This tuning method leads to smaller but still discontinuous jumps in wavelength of
approximately 300 picometers caused by the cavity mode spacing of the laser. [4]
3.3 Simultaneous Tuning of Front Mirror, Back Mirror, and Phase sections
To achieve truly continuous wavelength tuning, all three passive sections must be used. The
addition of the phase section currents allow for continuous adjustment of the cavity mode spacing, which
allows for continuous tuning through the wavelengths that could not be achieved through biasing only the
mirror sections. A decrease in phase section current leads to an increase in the lasing wavelength, but only
for a small bandwidth. By using the 300 pm cavity mode hops in conjunction with the cavity length
adjustment given by the phase section, it is possible to achieve a continuous and nearly linear wavelength
tuning ramp.
3.4 Linewidth Considerations
While it is possible to tune the laser continuously through any wavelength in its tuning range, the
laser linewidth is by no means a constant over that range. One heuristic is that increased currents into the
passive sections will lead to increased laser linewidth. This is due to increased shot noise, which becomes
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noise on the section’s index of refraction. This is true, but paints an incomplete picture. [23] Figure 3.9
shows the simulated and measured laser linewidth as a function of both front and back mirror current. The
simulation shows a general trend of linewidth broadening with increased currents, but the experimental data
shows less general linewidth broadening with various spikes of very wide linewidth.

Figure 3.9: Simulated (a) and measured (b) linewidth for various front and back mirror currents.
Note that IFM = IBM = 0 mA is in the upper corner of each plot. Simulation shows a trend of linewidth
broadening with increased current, while experimental data shows less general linewidth broadening
with narrow regions of much larger linewidth. [20]

19

Given the experimental data in Figure 3.9 (b), it would be nearly impossible to construct a tuning path over
the entire wavelength range of the laser with a constant and narrow linewidth. One can imagine, however,
that there are smaller regions of tuning within this map that do have a constant and narrow linewidth. One
purpose of this work is to find and characterize these narrow-linewidth tuning paths in each of three modes
of VT-DBR operation. Figure 3.10 shows three possible regions on a VT-DBR tuning map, labeled A, B,
and C.

Figure 3.10: Three possible VT-DBR modes of operation
Region A is used in OCT imaging because it provides a maximal continuous tuning range, but it is bad for
LIDAR due to its large linewidth. Region B is a potentially interesting region because it provides a wide
tuning range with potentially narrower linewidth due to decreased shot noise. Finally, region C is an
unexplored area of reverse biasing and is a key element of this work.
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Chapter 4: Common Sources of Noise in Optical Measurements
The following analysis of common noise sources can be found in [8]
4.1 Electrical Thermal Noise
One common source of noise that must be considered in almost any detection process is the
thermal noise generated in the receiver electronics. The resistance first experienced by the photocurrent
generated by the detector generates this thermal noise, also known as Johnson noise. A simplified model of
a photodiode connected to an electrical amplifier and its equivalent circuit with thermal noise included is
shown in Figure 4.1.

Figure 4.1: (a) Simplified diagram of a photodiode connected to an electrical amplifier. (b) The
equivalent circuit model including thermal resistive noise using ideal current sources.
In this model, Po is the optical power incident on the photodiode, ℜ is the responsivity of the photodiode
with units of [A/W], Id is the photodiode current, R is the input resistance of the amplifier, and Vin is the
input voltage signal to the amplifier. There is a thermally generated rms current noise îth in a 1 Hz
bandwidth, given by Equation 4.1.

𝚤!! =

!!"
!

𝐴/ 𝐻𝑧

(Eq. 4.1)

In Equation 4.1, k = 1.38 × 10-23 J/K is Boltzmann’s constant and T is the temperature of the resistor in
Kelvin. The caret (^) above the rms current symbol is to indicate that the current noise is normalized to a
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1 Hz bandwidth. The total rms current noise is found by multiplying Eq. 4.1 by the square root of the
receiver bandwidth, 𝑖!! = 𝚤!! ∆𝑓.
4.2 Optical Intensity Noise
Another form of noise often encountered in optical measurements is the intensity noise on the
optical signal even before the detection process. This intensity noise is fundamentally caused by optical
interference between the stimulated laser signal and spontaneous emission generated within the laser
cavity, but laser sources like distributed feedback (DFB) lasers, Fabry-Perot (FP) lasers, and VT-DBR
lasers typically exhibit intensity noise levels that are dependent on pump levels and feedback conditions.
External feedback, such as back reflections through the fiber into the laser cavity, can cause large variations
in intensity noise.
A useful and convenient way to describe and compare intensity noise is to express it as a ratio of
noise power in a 1 Hz bandwidth normalized by the DC signal power. This quantity is independent of
attenuation or the absolute power reaching the photo-detector. This fractional noise power per bandwidth is
often called relative intensity noise (RIN) and is defined as

𝑅𝐼𝑁 =

!∆!! !
!
!!"

𝐻𝑧 !! ,

(Eq. 4.2)

where < ∆𝚤! > is the time-averaged intensity noise power in a 1 Hz bandwidth and Idc is the average DC
intensity. Since RIN is a normalized parameter, Equation 4.2 is equally valid if Δî and Idc refer to optical
intensity, detected photocurrent, or receiver output voltage. In practice, RIN is most easily calculated using
an electrical spectrum analyzer to measure < ∆𝚤! > and a DC ammeter to measure Idc. RIN is generally a
function of frequency, but for a flat noise spectrum the total rms current noise caused by RIN is given by

𝑖!"# = 𝐼!" 𝑅𝐼𝑁 ∆𝑓

𝐴/ 𝐻𝑧 ,

(Eq. 4.3)

where Δf is the effective noise bandwidth of the receiver.
4.3 Photocurrent Shot Noise
Electrical shot noise is caused by the random arrival time of electrons that make up an electrical
current. It becomes an important noise source when trying to measure a small signal in the presence of a
large DC background, which is usually the case in coherent detection schemes such as FMCW LIDAR. The
rms shot noise current in a 1 Hz bandwidth is given by
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𝚤!" =

2𝑞𝐼!"

𝐴/ 𝐻𝑧 ,

(Eq. 4.4)

where q = 1.6 × 10-19 C is the charge of an electron and Idc is the DC photocurrent. The total rms shot
current isn is found by multiplying Equation 4.4 by the square root of the effective noise bandwidth of the
receiver, 𝑖!" = 𝚤!" ∆𝑓.
Although RIN is defined as the fractional intensity noise on an optical signal, it can be used in an
unconventional manner to describe the level of shot noise on a DC photocurrent. By dividing the shot noise
current by the DC current and squaring this ratio, the result is an expression equivalent to RIN. This allows
for easy comparison with other noise sources in the system. Combining Equations 4.2 and 4.4, shot noise
produces an effective RIN given by

𝑅𝐼𝑁!" =

!!
!!"

𝐻𝑧 !! .

(Eq. 4.5)

This result is useful for determining the required DC photocurrent to make an accurate measurement on an
optical signal. To make an accurate RIN measurement, the detected DC photocurrent must be large enough
to prevent shot noise from being the dominant noise source.
4.4 Optical Phase Noise
A final source of noise in optical systems is optical phase noise, or fluctuations in the frequency of
the optical carrier. For systems that use an interferometer to mix a time-delayed signal with a reference
signal, these frequency modulations are directly converted into intensity modulation. The magnitude of this
intensity modulation is dependent on the slope of the frequency discriminator at the frequency of interest.
This conversion is shown in Figure 4.2 for a quadrature point where the slope is a maximum. No
conversion happens at points of zero slope. The detected photocurrent for a cw laser signal passed through
an interferometer can be written as

𝐼! (𝜈; 𝑡) = ℜ𝑃! 1 + 𝑅! + 2 𝑅! cos (2𝜋𝜏! 𝜈 𝑡 )

𝐴 ,

(Eq. 4.4)

where ℜ is the responsivity of the photo-detector, Po is the optical power into the interferometer, τo is
the time delay of the interferometer, Rp is the ratio of the two interfering optical powers, and ν(t) is
the instantaneous optical frequency of the laser source.
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Figure 4.2: Conversion of frequency modulation to intensity modulation for an optical signal passed
through an interferometer with time delay τo. Amplitude of intensity modulation depends on slope of
frequency discriminator at the frequency of interest. No conversion happens at points of zero slope.
The maximum slope occurs at the quadrature position shown in Figure 4.2, and the fractional intensity
change caused by a small frequency change Δν(t) at quadrature is given by
!"(!)
!!"#

where 𝐾!" = 4𝜋𝜏! 𝑅!

≅ 𝐾!" ∆𝜈(𝑡) ,

(Eq. 4.5)

1 + 𝑅! is the maximum slope from Equation 4.4 and can be considered the FM

discriminator constant. Since Equation 4.4 is a linear approximation derived from a non-linear expression,
restrictions on both the magnitude and modulation frequency on Δν(t) are required for the approximation to
be accurate.
The FM discriminator process described above can also convert a laser linewidth into a spectral
noise density on the detected photocurrent. This effect is quite different for coherent interference, where the
coherence length of the laser is much longer than the path length difference experienced by the interfering
signals, and incoherent interference, where the coherence length of the laser is much less than the
aforementioned path length difference. For each case, a distinct equation can be derived for maximum RIN
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due to the conversion of optical phase noise into intensity noise. Equations 4.6 and 4.7 give the RIN
expressions for coherent and incoherent interference.

𝑅𝐼𝑁∆!,!"!!"!#$ ≅

!!!
!
! ! !!

𝑅𝐼𝑁∆!,!"#$!!"!#$ =

8𝜋𝜏!! ∆𝜈!" 𝑠𝑖𝑛𝑐 ! 𝜏! 𝑓

!!!

!
!
! !∆!
!
! ! !!
!" ! ! ! ∆!!!

[Hz-1],
[Hz-1],

(Eq. 4.6)

(Eq. 4.7)

Both the coherent and incoherent cases assume a Lorentzian laser lineshape with linewidth ∆𝜈!" , and in
Equation 4.6 the function 𝑠𝑖𝑛𝑐 𝑥 =

!"# (!")
!"

is used. It is important to note that Equation 4.6 is an

approximation that constrains the laser linewidth to ∆𝜈!" <

!.!
!!

to be reasonably valid. Additionally, the

coherent case is sensitive to environmental variations in the bias conditions and could fluctuate between the
maximum value given by Equation 4.6 and zero. The incoherent case is not sensitive to environmental
variations and has a -3dB bandwidth given by the linewidth of the laser. The resulting power spectral
density for each case is shown in Figure 4.3.

Figure 4.3: Power spectral density resulting from the conversion of laser phase-noise into optical
intensity noise for both the coherent and incoherent interference.
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4.5 Summary
In a real optical measurement system, all four of the previously mentioned sources of noise would
be present. To determine the total noise level of the system, the individual noise sources have to be
combined. Since each source of noise is uncorrelated with respect to the others, summing the square of
each term and taking the square root gives the total rms photocurrent noise. This is shown in Equation 4.8,
where the four terms correspond to thermal noise, shot noise, intensity noise, and phase noise.

𝑖!"!#$ =

!!"∆!
!

!
!
+ 2𝑞𝐼!" ∆𝑓 + 𝐼!"
𝑅𝐼𝑁∆𝑓 + 𝐼!"
𝑅𝐼𝑁∆! ∆𝑓

[A]

(Eq. 4.8)

The total rms photocurrent noise given by Equation 4.8 can be used to determine the sensitivity of the
receiver to optical power. The minimum change in optical power that can be detected is calculated using

∆𝑃!"# =

!!"!#$
ℜ

[W],

(Eq. 4.9)

where ℜ is the responsivity of the photo-detector in units of A/W. This minimum power sensitivity is
proportional to the square root of the detection bandwidth,

∆𝑓.

For FMCW LIDAR systems, which use swept source interferometry to detect range and velocity
of a target, all of these sources of noise are present but phase noise can often be the dominant source of
noise seen on the detector.
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Chapter 5: Experimental Apparatus
5.1 Finisar S7500 Laser
The laser source used in this system was the S7500 C-Band (1530–1565 nm) Modulated Grating
Y-Branch (MG-Y) type laser manufactured by Finisar. MG-Y lasers are a type of VT-DBR laser with a Yshaped topology. The S7500 uses a monolithic InP chip with an integrated semiconductor optical amplifier
(SOA). This chip is packaged in a small, hermetically sealed package with an internal 40dB optical isolator
and internal wavelength locker. The laser output is available through a polarization-maintaining single
mode fiber pigtail shortened to about 15cm. The maximum output power is greater than 13dBm and the
intrinsic Lorentzian linewidth is less than 5MHz. The lowest emission wavelength is 1527.6 nm and the
highest emission wavelength is 1568.4 nm. This laser was originally developed for DWDM fiber optic
communication systems, but is also useful for test and measurement. [15]
5.2 Breakout Board for Laser Biasing
To easily control temperature and inject current into the different laser sections, a PCB breakout
board was designed to provide easy access to each section through an SMA connection. This board made
testing the laser much simpler and was invaluable to the measurement process. Figure 5.1 shows a breakout
board with SMA connections for each laser section.

Figure 5.1: Breakout board with SMA edge-launch connections
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The breakout board was originally designed for a laser with a different pin-out, so an additional board is
used to connect the Finisar S7500 to the breakout board. This second board also contains feedback circuitry
for the optoelectronic feedback discussed in Chapter 7 and was designed by Insight Photonic Solutions.
Figure 5.2 shows the S7500 laser being temperature controlled and biased through the breakout boards, as
well as the aluminum heat sink to which the laser is mounted.

Figure 5.2: Laser and breakout boards on aluminum heat sink
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5.3 Battery-Powered Current Supplies for Low Noise Biasing
VT-DBR laser linewidth is very sensitive to noise on the current injected into both the active and
passive sections. For this reason, a simple battery powered resistive current supply was created to bias each
section within its current limit. Batteries provide a low-noise source of current that is ideal for laser biasing.
The circuit diagram for this current supply is shown in Figure 5.3 and a picture of the built supply in the lab
is shown in Figure 5.4. The resistor in each current path limits the maximum current output and provides a
constant reference for current by monitoring the voltage across it. The potentiometer in each path provides
a method of tuning, and the maximum potentiometer resistance will set the lower limit on current output.
Both the voltage monitors and current outputs are available via coaxial connection.

Figure 5.3: Circuit diagram for full-range battery powered current supply
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Figure 5.4: Full-range 12V battery powered current supply with SMA current outputs

The above current supply works well for biasing the laser up to its maximum current level for each
section, but it lacks fine resolution in tuning and has a minimum output current of around 1mA. In order to
explore biasing in the 100s of µA, a new supply was created. This small current supply works on the same
principles at the large current supply, but with smaller batteries and different resistances. Figure 5.5 shows
its circuit diagram and Figure 5.6 shows a built small current supply. Three of these supplies were built to
bias each passive section of the laser independently.
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Figure 5.5: Circuit diagram for small-current battery powered current supply

Figure 5.6: AA battery powered small current supply with semi-rigid coaxial output
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In order to explore the reverse bias behavior of the laser, a third current supply was designed to
sink current from the laser as opposed to injecting current in the previous designs. This was accomplished
using the ML-7905A negative voltage regulator powered by a 9V battery in reverse orientation. The
regulated output voltage was adjustable and a 1kΩ resistor limited the current. Figure 5.7 shows its circuit
diagram and Figure 5.8 shows a built reverse current supply. Three of these supplies were built to bias each
passive section of the laser independently.

Figure 5.7: Circuit diagram for 9V battery powered reverse current supply using ML-7905A
negative voltage regulator
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Figure 5.8: 9V battery powered reverse current supply with semi-rigid coaxial output

Finally, to explore laser behavior without any externally applied bias, two simple circuits were
built to emulate a 50Ω termination resistor with a variable resistance. One is simply a potentiometer
connected between the center conductor and ground of an SMA edge-launch connector, while the second
performs the same function using an MPF102 JFET in the ohmic region as a voltage controlled resistor
(VCR). Figure 5.9 shows the VCR circuit and 5.10 shows the two circuits side by side.
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Figure 5.9: VCR circuit with MPF102 JFET

Figure 5.10: Variable termination resistors
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5.4 Optical Circuit
The optical circuit consisted of two distinct parts: a diagnostics section and a feedback section.
The diagnostic section gives a measurement of laser spectrum, changes in optical power, and an estimate of
the laser linewidth. This linewidth estimate is discussed in the next section. The feedback section consists
of a Mach-Zehnder interferometer with a free spectral range (FSR) of 2GHz and fiber leads shortened to
just a few cm. The outputs of the interferometer are then detected using a balanced photo-detector, whose
RF output is now proportional to small differences in laser frequency. This signal is the error signal of the
optoelectronic feedback control loop. It is then input to an integrator on the laser board and fed back to the
laser phase section. A schematic block diagram of the optical circuit is shown in Figure 5.11.

Figure 5.11: Block diagram for optical circuit showing diagnostic section (upper right) and feedback
section (lower left)
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5.5 Self-Homodyne Linewidth Estimation
Measuring the laser linewidth accurately is impossible using most optical spectrum analyzers
(OSAs) because they lack the measurement resolution to see laser linewidth. For this reason, a selfhomodyne linewidth measurement is used to estimate the laser linewidth. This method uses the fact that the
interference between two incoherent sources causes intensity variations that are a function of phase
variations caused by differences in laser frequency. The self-homodyne measurement can be thought of as a
single-delay autocorrelation of the optical spectrum, where the original signal is mixed with a time-delayed
copy of itself. This mixed signal is then detected on a fast photodiode, and the output of this photodiode is
analyzed on a spectrum analyzer. The signal will be the positive part of a nearly Lorentzian lineshape
centered at 0Hz, and the -3dB bandwidth of this signal is the estimate of the laser linewidth. The timedelayed mixing and the resulting spectrum are shown in Figure 5.12 [11] This effect is explained in detail
in Section 4.4 and can be seen in Figure 4.3.

Figure 5.12: Block diagram for self-homodyne linewidth estimation, with corresponding spectrum
after mixing. [11]

36

Chapter 6: Biasing for Narrow Linewidth
6.1 Full Scale Forward Biasing
Using the 12V battery powered current supply shown in Figures 5.3 and 5.4, the S7500 laser could
be tuned through its entire range of frequencies (Figure 3.10 region A) by adjusting the potentiometers for
each of the front mirror, back mirror, and phase sections. With the mirror sections biased with more than
1mA, the linewidth increases from its intrinsic value of a few MHz to hundreds of MHz. This is shown in
Figure 6.1.

Figure 6.1: Self-Homodyne signal for all three passive sections forward biased. Broad 112MHz
linewidth caused by current injection into both front and back mirrors
This linewidth broadening renders the laser useless for LIDAR at appreciably large ranges, and is the
motivation for using currents less than 1mA to bias the passive sections.
6.2 Small Current Forward Biasing
If the passive sections are instead biased within region B from Figure 3.10 using the small current
supply shown in Figures 5.5 and 5.6 an interesting observation can be made. Almost the entire range of
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laser frequencies can be tuned through while keeping the injected current under 1mA into each section. The
laser linewidth was still seen to be tens to hundreds of MHz for most bias conditions with small currents,
but there existed small pockets of intrinsically narrow linewidth. However, these narrow linewidth bias
conditions were sparse and even a small deviation from that bias causes a large increase in linewidth.
Figures 6.2 through 6.4 show the wavelength, linewidth, and changes in optical power for each section
biased independently. For these measurements, the two sections not under test are terminated with 50Ω to
ground.
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Figure 6.2: Independent section small-current forward bias wavelength tuning. A large portion of the
full wavelength tuning range is covered with currents less than 1mA.
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Figure 6.3: Independent section small-current forward bias linewidth. Top plot shows the full range
of linewidth while the bottom plot shows the regions of linewidth under 100MHz. It can be seen that
there are some bias conditions with >10MHz linewidth.
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Figure 6.4: Independent section small-current forward bias output power variation

While independent section tests have some use, more interesting is a mapping of laser behavior as a
function of all three currents simultaneously. The maps were created by measuring the wavelength and
linewidth in a grid spaced 0.1mA by 0.1mA for front and back mirror currents. The data points are marked
with a red ‘x’, and then interpolated using MATLAB to create the surfaces below. Figures 6.5 and 6.6 both
show a wavelength map over front and back mirror currents from 0 to 1mA, with the phase section
grounded in Figure 6.5 and phase current equal to 1mA in Figure 6.6.
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Figure 6.5: Wavelength map over FM and BM currents from 0 to 1mA. Phase section was grounded
for this measurement. This map shows large scale wavelength tuning is possible with currents less
than 1mA.
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Figure 6.6: Wavelength map over FM and BM currents from 0 to 1mA. Phase current is 1mA for
this measurement. The effect of the additional phase current can be seen to decrease the wavelength
over then entire space
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Figures 6.5 and 6.5 show tuning currents less than 1mA cover a large part of the laser tuning range. The
effect of the addition of phase current is seen in Figure 6.6 to shift the wavelength along each tuning path to
the blue without much effect on the overall shape of the paths. The linewidth maps for each of these
situations are shown in Figures 6.7 and 6.8. The addition of 1mA phase current in Figure 6.8 is seen to
increase the linewidth for most combinations of FM and BM currents.

Figure 6.7: Linewidth map over FM and BM currents from 0 to 1mA. Phase section is grounded for
this measurement. There are pockets of narrow linewidth but a finer mapping of this space is needed
to determine the range of wavelengths with narrow linewidth.
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Figure 6.8: Linewidth map over FM and BM currents from 0 to 1mA. Phase current is 1mA for this
measurement. The addition of phase current injection is seen to increase the linewidth for most bias
conditions.
6.3 Reverse Biasing
Reverse basing in region C from Figure 3.10 using the supply shown in Figures 5.7 and 5.8 leads
to interesting results. The tuning range becomes limited to a few hundred pm around 1564nm, but each
independent section has a similar and nearly linear tuning curve. Additionally, the laser linewidth was
much narrower in general but there still existed pockets of larger linewidth. Figures 6.9 to 6.11 show the
wavelength, linewidth, and changes in optical power for each section biased independently. For these
measurements, the two sections not under test are terminated with 50Ω to ground.
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Figure 6.9: Independent section reverse bias wavelength tuning. Each section exhibits narrow but
continuous wavelength tuning, with increased tuning capabilities in the back mirror section.
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Figure 6.10: Independent section reverse bias linewidth. Independent front mirror tuning exhibits
narrow linewidth but independent back mirror tuning is seen to exhibit increased linewidth.
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Figure 6.11: Independent section reverse bias output power variation. Increased current magnitude
leads to a decrease in output optical power, with a greater decrease in power exhibited by the back
mirror section.
This reverse bias space was mapped similarly to the forward bias space shown in Figures 6.5 to
6.8. Figure 6.12 shows the wavelength map and Figure 6.13 shows the linewidth map for a grounded phase
section. It should be noted that the overall tuning range and linewidth is much lower than the forward bias
case.
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Figure 6.12: Reverse current wavelength map. Phase section grounded. Reverse biasing of the mirror
sections leads to a smooth tuning surface with a 40 picometer tuning range.
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Figure 6.13: Reverse current linewidth map. Phase section grounded. Reverse biasing of the mirror
sections leads to narrower linewidth compared to forward biasing. This plot shows apparent paths of
narrow linewidth
While the reverse bias linewidth map shows that this entire range exhibits narrower-than-usual
linewidth, there are sections of the map with particularly narrow linewidth near 4-5MHz. Some of these
apparent tuning paths are shown on both the linewidth map and the wavelength map in Figure 6.14. These
narrow-linewidth paths are seen to vary in tuning range, with path C giving a change in wavelength of
30pm and path A giving a change in wavelength of less than 5pm.
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Figure 6.14: Top plow shows potential tuning paths with 4-5MHz linewidth, while the bottom plot
shows the wavelength tuning that would accompany these tuning paths. Some narrow linewidth
tuning paths have a larger range of wavelengths than others.
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When the phase section is similarly reverse biased in the photo-detector mode, very interesting
things happen. For a phase current of -1mA, the wavelength tuning range increases by about 25% from
about 40pm in Figure 6.12 to about 50pm, shown in Figure 6.15. Additionally, the linewidth was seen to
drop to its intrinsic narrow value between 2 and 4 MHz over the entire map! This effect can be seen in
Figure 6.16. The characteristically low linewidth means that this bias condition could be very promising for
LIDAR sweeps. A trace of the self-homodyne signal showing the intrinsically narrow lineshape produced
by this bias condition is shown in Figure 6.17

Figure 6.15: Reverse current wavelength map. Phase current is -1mA. The addition of reverse phase
current both shifts the entire range of wavelengths to the blue, as well as increase the maximum
tuning range given by the front and back mirrors alone from 40 picometers to 50 picometers.

50

Figure 6.16: Reverse current linewidth map. Phase current is -1mA. This plot gives the surprising
result that reverse biasing all three sections can lead to linewidth less than 5MHz over the entire
map.

Figure 6.17: Characteristic lineshape for reverse currents into mirror sections and -1mA phase
current. Linewidth is seen to be 1.9MHz. All bias conditions shown in Figure 6.15 lead to a lineshape
similar to this one.
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6.4 Resistance Tuning
This effect was first noticed by accident, when a 50Ω SMA termination resistor was seen to
change the wavelength and reduce linewidth when attached to a passive VT-DBR section. Because the
linewidth was a narrow 2 – 4 MHz, the idea was explored further and found to provide a tuning range
comparable to reverse biasing with an external source. The linewidth was consistently narrow if the diode
voltage across the section was not being monitored, but measurement of this voltage with a multi-meter
caused an increase in linewidth that was dependent on the value of resistance across the section. The
linewidth saw no increase for a short (R = 0Ω) and saw an increase up to 20+ MHz for R = 10kΩ. The
resistance tuning was accomplished using the circuits shown in Figure 5.10. The mechanism that causes
tuning can be seen in Figure 6.18.

Figure 6.18: Resistance tuning mechanism uses the voltage that occurs across each passive section as
a source of bias with a variable resistor to adjust the current.
As the resistance is increased, the laser section diode becomes more forward biased and Vd
increases up to a maximum value around 0.6V for the mirror sections or 0.4V for the phase section. This
diode voltage causes a current to flow out of the laser section and through the potentiometer to ground. The
value of this current is seen to increase to a maximum value as the diode becomes more forward biased and
then decrease as the resistance continues to increase. An example of this effect can be seen in Figure 6.19
for the back mirror section.
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Figure 6.19: Relationship between current, voltage, and wavelength for resistance tuning mechanism.
Back mirror section shown. The voltage is seen to increase from zero volts to the expected diode
voltage drop of 0.6 volts., while current is seen to decrease with increased resistance.

53

Tuning was achieved by varying each section resistance from a short to the maximum value of
10kΩ. Wavelength maps similar to those for the other tuning mechanisms were also made for the
resistance tuning mechanism. Figure 6.20 shows the map for zero resistance across the phase section while
Figure 6.21 shows the map for 10kΩ across the phase section. The additional resistance across the phase
section shifts the entire range about 40pm to the blue and caused a 50% increase in the maximum tuning
range, from 40pm in Figure 6.20 to 60pm in Figure 6.21.

Figure 6.20: Wavelength tuning map for resistance tuning mechanism with Rphase = 0Ω. Resistance
tuning is seen to exhibit a smooth tuning surface with a tuning range of 40 picometers in this case
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Figure 6.21: Wavelength tuning map for resistance tuning mechanism with Rphase = 10kΩ. The
addition of resistance across the phase section shifts the wavelength to the blue and increases the
tuning range from 40 picometers to 60 picometers.

55

Since the laser linewidth is an intrinsically narrow value over the entire tuning range when using resistance
tuning, this method is an excellent candidate for FMCW LIDAR sweeps. The narrow linewidth
characteristic of this tuning method is shown in Figure 6.22.

Figure 6.22: Characteristic resistance tuning Self-Homodyne signal with linewidth around 1.8MHz.
All bias conditions shown in Figures 6.20 and 6.21 lead to a lineshape similar to this one.
The same tuning can theoretically be achieved using a voltage-controlled resistor (VCR) made
from a transistor biased in the ohmic region. A VCR prototype for this application was made using the
MPF102 JFET. The MPF102 is an N-channel depletion mode JFET, which means that the device acts like
an open switch until a sufficient reverse voltage is applied at the JFET gate, closing the switch. The VCR
tuning mechanism is shown in Figure 6.23.
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Figure 6.23: Resistance tuning mechanism using a voltage controlled resistor comprised of a JFET in
the ohmic region of operation.
The ohmic region of a transistor is defined as the region of the I-V characteristic with a nearly
linear relationship between applied voltage and current flow, about 0 < VDS < 3V. In this region, the
transistor behaves like a resistor whose resistance is controlled by the voltage at the transistor gate. Beyond
the ohmic region is the saturation region, where the current approaches a saturated value. By staying
within the limits of the ohmic region, this device behaves well as a VCR. Figure 6.24 shows a simulated
I-V characteristic for the device with -3V < VGS < 0V, and Figure 6.25 shows the corresponding
measurement using a Semiconductor Parameter Analyzer.
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Figure 6.24: Simulated I-V characteristics for MPF102 JFET VCR with Rmax = 10kΩ. This
simulation shows that the voltage controlled resistor can take on any resistance between about 700Ω
and 10kΩ.

Figure 6.25: Measured I-V characteristics for MPF102 JFET VCR with Rmax = 10kΩ using a
semiconductor parameter analyzer. Measurement matches with simulation.
6.5 Frequency Response Comparison of Forward Biasing and Resistance Tuning
It is clear that the resistance tuning mechanism can be used to tune the laser wavelength with
narrow linewidth, but how fast can the laser respond to changes in resistance? To attempt to answer this
question, the frequency response of both the JFET tuning mechanism and the direct forward current
injection tuning mechanism were measured using a vector network analyzer (VNA). The VNA
measurement diagram is shown in Figure 6.26. The constants Kdisc and Klaser are yet undetermined, and
needed for simulation of the frequency response of each tuning mechanism. Klaser is the amount of
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frequency change on the laser output for a given change in phase section current, while Kdisc is the amount
of photocurrent in mA that arises per GHz of frequency modulation on the signal into the frequency
discriminator.

Figure 6.26: VNA measurement diagram. Need to determine Kdisc and Klaser for the forward current
injection and reverse bias tuning mechanisms.
To measure Kdisc, the photocurrent variation vs. frequency was plotted at the output of the
balanced photo-detector. This measurement, shown in Figure 6.27, provided an estimate of the maximum
photocurrent variation as well as the free spectral range (FSR) of the interferometer for a given optical
power into the filter. The constant Kdisc is defined as the maximum slope of this plot, or the slope at the
quadrature position. The value of Kdisc can be estimated as

!"# (!)
!"#
!

=

! !"# !
!"#

= 0.084 mA/GHz

Figure 6.27: Determination of Kdisc, which is the maximum slope of the plot of detected photocurrent
vs. frequency for a given optical power level.
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To measure Klaser, a plot of laser wavelength vs. phase current was made for both forward and
reverse current tuning. Since these curves are somewhat linear, the slope of a linear regression line is a
good estimate for the constant Klaser. These plots are shown in Figures 6.28 and 6.29 for forward and
reverse currents respectively. In Figure 6.28, the slope is -0.0007 nm/µA, or equivalently -85 GHz/mA at
1564nm for small forward currents. In Figure 6.29, the slope is 0.00009 nm/µA, or equivalently 11
GHz/mA at 1564nm for small reverse currents. The laser wavelength is always tuned towards the blue for
an increase in current magnitude, regardless of the direction of current flow.
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Figure 6.28: Determination of Klaser for forward current injection. It is found that
Klaser = -85GHz/mA for forward current injection.
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Figure 6.29: Determination of Klaser for reverse current reverse biasing. It is found that
Klaser = 11GHz/mA for reverse biasing.
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Now that the values of Kdisc and Klaser are known, it is possible to simulate the frequency response
of both tuning mechanisms. The simulation was done in LTspice, and the schematic for both simulations
are shown in Figure 6.30. The phase section was modeled as a 0.6V voltage source and the balanced photodetector was modeled as a pair of behavioral current sources with equal and opposite current magnitudes
set by Kdisc* Klaser* Iphase feeding into an ideal trans-impedance amplifier with a gain of 10000 V/A.

Figure 6.30: LTspice simulation schematic for direct injection (top) and JFET tuning (bottom). In
both cases, the laser phase section is modeled as a voltage source and the balanced photo-detector is
modeled as two dependent current sources with equal and opposite currents given by
Kdisc* Klaser* Iphase
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Figures 6.31 and 6.32 show the results of the simulations shown in Figure 6.30. The simulated direct
injection tuning method is seen to have a much larger signal magnitude when compared to the JFET tuning
method, and has an odd increase in magnitude at higher frequencies. The JFET tuning method has a
simulated -3dB bandwidth over 100MHz.

Figure 6.31: Simulated frequency response for direct injection tuning, shown in the top plot of Figure
6.30. The solid line shows the signal magnitude while the dotted line shows that phase shift.

Figure 6.32: Simulated frequency response for JFET resistance tuning, shown in the bottom plot of
Figure 6.30. The solid line shows the signal magnitude while the dotted line shows that phase shift.
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In addition to simulation, these measurements were also taken with a 5Hz - 500MHz VNA. The results of
these VNA measurements are shown in Figure 6.33 for the direct injection tuning mechanism and Figure
6.34 for the JFET resistance tuning mechanism. As the simulation predicted, the frequency response of the
direct injection mechanism is much larger in signal magnitude than that of the JFET tuning mechanism.
Both responses start to fall off around 350MHz, which is the actual bandwidth of the balanced photodetector in use. The JFET resistance tuning case shows an increase in signal magnitude with frequency
until the photo-detector bandwidth forces the magnitude down again. Additionally, in both cases the signal
magnitude dips down as much as 20dB at certain frequencies. The rise in signal magnitude for the JFET
case and the dips in signal magnitude in either case are not yet fully understood. In a practical LIDAR
system, each tuning mechanism needs a sweep repetition rate less than 10MHz. This means that only a
portion of the first 50MHz on these measurements is actually relevant and both tuning mechanisms can be
tuned with repetition rates of less than 10MHz without significant signal degradation.

Figure 6.33: Measured frequency response for direct current injection tuning mechanism. DC gain is
seen to be above 20dB, which matches the corresponding simulation shown in Figure 6.31. Dips in
signal magnitude occur roughly every 50MHz, but this effect is not fully understood.
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Figure 6.34: Measured frequency response for JFET resistance tuning mechanism. DC gain is seen to
be less than -20dB, which matches the corresponding simulation shown in Figure 6.31. The signal
magnitude rises more than 10dB in the first 250MHz and dips in signal magnitude occur roughly
every 50MHz, but these effects are not fully understood.
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Chapter 7: Reducing Linewidth Using Optoelectronic Feedback
7.1 Frequency Locked Loops
A frequency-locked loop (FLL) is a feedback control system that forces an output oscillator frequency to
match that of an input. The basic components of a FLL include a phase comparator, a loop filter, and a
voltage-controlled oscillator (VCO). Figure 7.1 shows the basic block diagram of a FLL.

Figure 7.1: Basic block diagram of a FLL showing the main components: a frequency discriminator,
a loop filter, and a voltage-controlled oscillator.
The FLL works by comparing the VCO output frequency with the frequency of a reference oscillator s(t).
The signal at x(t) is a sinusoid whose argument contains any phase or frequency difference between the
VCO and reference signals. The signal x(t) is sent through a loop filter whose output is the error signal e(t).
The error signal is then input into the VCO to close the loop. When this circuit is locked, the output VCO
frequency should exactly match that of the reference, while relative phases may have an offset or even drift.
7.2 Optical FLL to Reduce Laser Phase Noise
The general FLL design can be adapted for use in optical systems as well. These systems are
known as optical frequency-locked loops (OFLL) and are slightly more complex than an electronic FLL.
This complexity arises from the need to convert optical signals to electrical signals. A block diagram of a
general OFLL is shown in Figure 7.2. Note the similarities between Figures 7.1 and 7.2.
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Figure 7.2: Basic block diagram of an OFLL. The frequency discriminator is a fiber optic
interferometer and balanced photo-detector, the loop filter is an op-amp integrator, and the VCO is
the laser.
The experimental OFLL can be see to be the “feedback section” of Figure 5.11, and a loop block
diagram for the system is shown in Figures 7.3 and 7.4. Figure 7.3 shows the OFLL with direct current
injection into the phase section as a feedback tuning mechanism, while Figure 7.4 shows OFLL with a
voltage-controlled resistance tuning mechanism on the phase section. In both systems, the resistance tuning
mechanism discussed in Section 6.4 is used on both mirror sections to adjust the laser frequency to lock
while maintaining a narrow linewidth.

Figure 7.3: Block diagram of experimental OFLL with direct current injection into the phase section
through a 100kΩ resistor. The integrator was realized using an ADA4817 high-speed op-amp.
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Figure 7.4: Block diagram of experimental OFLL with MPF102 JFET driver acting as a voltagecontrolled resistor performing resistance tuning on the laser phase section.
Two constants are used to convert changes in phase section current to a voltage signal e(t), the phase
section tuning constant Klaser [GHz/mA] and the discriminator constant Kdisc [mA/GHz]. These constants
were found in the previous chapter.
The system signal-to-noise ratio is determined by the amount of FM to AM conversion in the
optical filter. This value can be found by comparing the spectrum of the RF output of the balanced detector
when the slope of the frequency discriminator is zero (AM-only) and when it is a maximum at the
quadrature position (AM + FM). The difference in these two signal levels in dB is the system SNR. The
SNR was found to be more than 20dB and can be seen in Figure 7.5.

67

Figure 7.5: Determination of OFLL signal-to-noise ratio, given by the difference in dB of the FM +
AM signal and the AM only signal. Both the AM only and FM + AM signals are well above the
instrument noise floor.
It should be noted that the structure of the FM signal was not a constant with respect to bias
conditions. There was a noticeable pick-up of local FM broadcast radio frequencies in the 80-110MHz
range that was bias dependent. This pickup was likely due to battery connections to the board that
inadvertently formed a loop antenna. Figure 7.6 shows two different bias conditions with different FM
signal structures.
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Figure 7.6: FM to AM conversion at two different bias conditions showing variation in FM noise
spectrum. Both plots had Igain ≈ 120mA and ISOA ≈ 30mA. Top plot was measured with
RFM = RBM = 0Ω and the bottom plot was measured with RFM = 0Ω and RBM ≈ 5kΩ
7.3 OFLL Simulation
An open loop simulation of both the direct current injection and VCR tuned OFLL’s was
performed using LTspice to estimate each system’s open loop DC gain and phase margin. The simulation
assumes a linear relationship between both injected current vs. laser frequency as well as with frequency
modulation on the signal into the optical filter vs. voltage out of the balanced detector. These linear
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relationships are defined by the constants Klaser and Kdisc. A lossless transmission line with a 50Ω
characteristic impedance models the time delay due to overall loop length in both optical fiber and
electrical conductor. Figure 7.7 shows the simulated frequency response of the integrator used in the OFLL.

Figure 7.7: Simulated ADA4817 integrator schematic (top) and frequency response (bottom). The
integrator input is an AC voltage source V4 and the output is the voltage across R4. The solid line
shows the signal magnitude and the dashed line shows the phase shift.
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With all parts of the OFLL present, it is possible to do an open-loop simulation of the system. Figure 7.8
shows the simulation schematic for the direct injection case, and Figure 7.9 shows the simulated open-loop
response of that system.

Figure 7.8: Open loop LTspice schematic of direct current injection OFLL. This simulation builds
upon the simulation shown in the top plot of Figure 6.30 by routing the error signal out of the
transimpedence amplifier through the ADA4817 integrator and a lossless 50Ω transmission line with
a time delay given by the overall delay in the loop.

Figure 7.9: Simulated open loop frequency response of OFLL tuned via direct current injection. The
solid line shows the signal magnitude and the dashed line shows the phase shift. The signal at the
output of the transmission line is given by V(feedbackdelay) and can be seen to have a 75dB gain at
DC and a -3dB bandwidth around 10kHz. Phase margin is around 70° at roughly 15MHz.
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In Figure 7.8, the error signal is the signal out of the balanced detector, and “feedbackdelay” is the signal
out of the integrator including the time delay of the system. The time delay was estimated to be 12ns from
about 1.5 meters of combined coax cable and optical fiber. The integrator has a DC gain of 45dB, and when
driven by 50Ω the entire open-loop system with direct injection has a DC gain of 75dB. The phase margin
of this system is around 70 degrees at a frequency f0dB ≈ 15MHz.
A similar open loop frequency response simulation was done for the OFLL with a JFET driver.
The LTspice schematic of this system can be seen in Figure 7.10 and the frequency response can be seen in
Figure 7.11. The entire open-loop system has a DC gain of 20dB, with the error signal at -25dB. The phase
margin of this system is around 75 degrees at a frequency f0dB ≈ 17MHz.

Figure 7.10: Open loop LTspice schematic of JFET driven OFLL. This simulation builds upon the
simulation shown in the bottom plot of Figure 6.30 by routing the error signal out of the
transimpedence amplifier through the ADA4817 integrator and a lossless 50Ω transmission line with
a time delay given by the overall delay in the loop.
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Figure 7.11: Simulated open loop frequency response of JFET driven OFLL. The solid line shows the
signal magnitude and the dashed line shows the phase shift. The signal at the output of the
transmission line is given by V(feedbackdelay) and can be seen to have a 20dB gain at DC and a -3dB
bandwidth around 10kHz. Phase margin is around 75° at roughly 17MHz
7.4 Open Loop and Closed Loop Performance
The laser could be tuned into the locked state via the resistance tuning method of Section 6.4 on
the mirror sections. For both the direct current injection and JFET driven OFLL, however, when the
feedback loop was closed the system could only achieve DC locking. This means that the loop is able to
maintain frequency but unable to reduce the laser phase noise and thus the laser linewidth. Due to time
restraints and difficulty in further reducing the physical loop length, linewidth reduction was not yet
achieved with the frequency- locked loop. This issue is potentially a result of the overall time delay in the
loop or an insufficient amount of closed-loop gain. While this system may or may not be close to working,
more work must be done to determine the root of the problem.
While both loop topologies can achieve DC locking, the OFLL with direct current injection
showed a more robust locking state that covered a larger range of inputs. As a reference, the wavelength
change given by resistance tuning of each mirror section in the unlocked state is shown in Figure 7.12 and
the averaged unlocked linewidth is shown in Figure 7.13.
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Figure 7.12: Resistance tuning of the mirror sections with feedback disabled. Each section shows a
wavelength tuning range of about 30pm. In this measurement Igain ≈ 120mA, ISOA ≈ 30mA, and the
unused passive sections were shorted to ground

Figure 7.13: Self-Homodyne signal shows laser linewidth with feedback disabled around 7MHz. In
this measurement Igain ≈ 120mA, ISOA ≈ 30mA, RFM = 0Ω, and RBM = 10kΩ.
When feedback is enabled, the system can be brought into the locked state by adjusting the laser frequency
to the optical filter quadrature position. Figures 7.14 and 7.15 show loop does indeed lock the laser
frequency in the direct current injection and JFET driven OFLL’s respectively. A binary lock state
indicator is plotted along with the laser wavelength over the resistance tuning range. When the loop is
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locked, there is no change in laser wavelength for a change in resistance. The averaged self-homodyne
signal for each topology is shown in Figures 7.16 and 7.17, showing no linewidth reduction in either case.

Figure 7.14: Resistance tuning of the mirror sections with feedback enabled in the direct current
injection case. In this measurement Igain ≈ 120mA and ISOA ≈ 30mA. The unused mirror section in
each measurement was shorted to ground. When the loop is locked, there is no change in laser
wavelength for a change in bias conditions within the locking range of the loop. Direct current
injection OFLL is seen to have a more robust locking capability over a wider range of tuning
resistance

75

Figure 7.15: Resistance tuning of the mirror sections with feedback enabled in the JFET driven case.
In this measurement Igain ≈ 120mA and ISOA ≈ 30mA. The unused mirror section in each
measurement was shorted to ground. When the loop is locked, there is no change in laser wavelength
for a change in bias conditions within the locking range of the loop. Smaller locking range in the
JFET driven OFLL shows a less robust DC lock compared to the direct current injection case.
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Figure 7.16: Self-Homodyne signal for OFLL with direct current injection with feedback enabled
shows laser linewidth around 7MHz. In this measurement Igain ≈ 120mA, ISOA ≈ 30mA, RFM = 0Ω, and
RBM = 10kΩ. In this case, the mirror sections are under reverse bias while the phase section is under
forward bias.
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Figure 7.17: Self-Homodyne signal for OFLL with JFET driver with feedback enabled shows laser
linewidth around 10MHz. In this measurement Igain ≈ 120mA, ISOA ≈ 30mA, RFM = 0Ω, and
RBM = 10kΩ. In this case, the phase section and mirror sections are all under reverse bias.
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Chapter 8: Conclusions and Future Directions
In conclusion, the reverse bias mode of operation (Figure 3.10, Region C) was found to be far
better suited for LIDAR than the forward bias mode of operation (Figure 3.10, Regions A & B). Both the
external reverse bias tuning and resistance tuning methods can be used to produce FMCW sweeps with a
bandwidth greater than 7 GHz. A summary of the results found in this work are shown in Table 8.1, which
shows the sweep bandwidth, linewidth, range resolution, and coherence length for each mode of VT-DBR
operation.

Table 8.1: Summary of LIDAR potential for each mode of VT-DBR operation
Table 8.1 shows that the photo-detector mode of operation in Region C is better suited for LIDAR than the
forward current injection modes. The small current forward biasing in Region B could also potentially be
used for LIDAR, but it would require a finer mapping of the wavelength and linewidth space in Region B
to determine if there are tuning paths with linewidth narrow enough to be useful for LIDAR.
Also promising is the possibility of FMCW sweeps with a linewidth reduced via OFLL. With
more work it should be possible to achieve AC locking of the OFLL and significantly reduce laser phase
noise. If the OFLL can be successfully implemented over a range of frequencies, this method of linewidth
reduction would drastically improve VT-DBR laser performance in LIDAR applications. If the linewidth
could be reduced to say 100kHz, the maximum range limit would be well in excess of a kilometer. Paired
with a 10GHz tuning range giving a range resolution of 1.5cm, this leads to a ratio of range resolution to
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range on order of 10-5. This high performance LIDAR system would be ideal for imaging in autonomous
vehicles such as self-driving cars or military UAVs.
In comparison, using the resistance tuning method without any linewidth reduction would lead to
more than 7GHz of tuning with 2-4MHz linewidth. A LIDAR system with these characteristics would be
limited to around 50m with a 2cm range resolution. These numbers give a range resolution to range ratio of
.0004, which is still adequate for a number of LIDAR applications such as industrial machine vision,
meteorology, and facial recognition.
There are many possible future directions of this project. The first obvious direction is to continue
troubleshooting the OFLL to achieve AC locking and linewidth reduction. If linewidth reduction can be
achieved, the system must still be adapted to be able to sweep laser frequency with a reduced linewidth.
Secondly, the process to measure wavelength and linewidth could be automated to produce maps of each
mode of operation with a much finer resolution. This fine resolution would make it possible to search for
low-linewidth sweeps in regions A and B. Finally, a third possible direction would be to analyze VT-DBR
performance in region C with a combination of external reverse bias and resistance tuning. Resistance
tuning of VT-DBR passive sections biased as photo-detectors could lead to an increased tuning range with
narrow linewidth, further increasing the utility of this mode of operation for LIDAR applications.
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